Abstract-Three-dimensional accurate positioning algorithm, using RSSI-based (Received Signal Strength Indication) positioning method, which constructs an attenuation model of wireless signal between beacon node and unknown node in three-dimensional space, and compensates for the loss of wireless signal on the basis of their material, thickness and other factors when there are obstacles or walls being in the process of signal transmission. Meanwhile, the error revision algorithm is used to improve the positioning accuracy. The update interval and transmitting power can be changed adaptively according to the movement speed of unknown node and the distance to beacon node, so that the wireless node's life cycle will be extended greatly. Moreover, it will be able to complete positioning even a few beacon nodes fail in some cases. Furthermore, the location information provides a premise and basis for the research on geographic routing algorithm.
I. INTRODUCTION
In wireless sensor networks, location information is most important as the functions they completed [1] . Moreover, positioning algorithm provides premise and basis for the research on motion tracking, network management and geography routing. At present, the research on positioning algorithm is mainly focused on two-dimension. However, in practical applications, because of the limitation of topography or environment, it is needed to extend the research in three-dimension [2] [3] [4] [5] .
Wireless positioning technology falls into the following two categories: GPS (Global Positioning System) and ground wireless location. GPS is the most frequently-used positioning system, which has high accuracy, good real-time performance and antiinterference ability [6, 7] . However, end devices usually have high power consumption and cost, and need fixed infrastructure. So GPS is not appropriate for the low-cost, self-organization wireless sensor networks.
Ground wireless location algorithm accomplishes twodimensional (X, Y direction) positioning of moving target by measuring the propagation time, signal strength, phase, angle of arrival and other parameters of radio wave. Existing ground three-dimensional location systems are usually realized on the basis of twodimensional positioning with the height of building or a relatively fixed Z coordinate, not with the actual altitude [8] [9] [10] . Consequently, the positioning accuracy can not be guaranteed. Therefore, research on three-dimensional accurate positioning algorithm in wireless sensor networks is of great significance and practical value.
A three-dimensional accurate positioning algorithm based on RSSI was proposed in this paper, which carries out parameter matching for wireless signal attenuation model between every pair of beacon node and unknown node, and then makes a compensation for the loss of wireless signal using theoretical and empirical models when there are obstacles (walls) between them. Role switching between beacon node and unknown node can lessen the impact of uneven distribution. In addition, the power consumption can be reduced greatly by changing the transmitting power and the update interval according to the movement speed of unknown node and the distance to beacon node.
II. RELATED WORK
In sensor networks, according to whether or not need to measure the real distance between transmitter and receiver during positioning, the algorithm is classified into range-based and range-free positioning [1, 11] . The difference between them is that the former calculates the location of unknown node according to the absolute distance between adjacent neighboring nodes, while the latter uses the estimated distance, and thus easily lead to the reduction of positioning accuracy.
A. Problems of Existing Positioning Algorithms
TOA (Time of Arrival) positioning algorithm, calculates the distance between nodes according to the signal velocity and the propagation time, and then gets the location of the unknown node using the existing methods. Compared with wireless signal, sound wave is susceptible to atmospheric condition [1, 12] .
TDOA (Time Difference of Arrival) positioning algorithm, when compared with TOA, the difference is that it calculates the distance between nodes according to two kinds of signal propagation time and their velocities. But TDOA has high requirement on hardware [1, 13] .
RSSI (Received Signal Strength Indication) positioning algorithm, when contrasted with the above positioning algorithms, which calculates the distance using theoretical and empirical models according to the sending signal and receiving signal strength [14] .
AOA (Arrival of Angle) positioning algorithm, calculates the location of unknown node by triangulation method according to the relative position or angle between them, before that which needs to get the arrival direction of sending signal through antenna arrays or ultrasonic receivers. It is highly vulnerable to external influences and needs for additional hardware [15] .
DV-Hop algorithm, hop distance is substituted for straight-line distance, so there are some errors in it [16, 17] . Amorphous algorithm needs to calculate the average per-hop distance before network deployment. Moreover, it has high requirement on the density of beacon nodes, because the network expansion capability is poor. As for APIT algorithm, because of the high requirement on network connectivity, it is not suitable for wireless sensor networks. Advantages and disadvantages of the most frequently-used algorithms are shown in Tab. 1 [1] . It can be seen from the table that, the above positioning algorithms, because of their defects, are not very suitable for wireless sensor networks directly. Moreover, they are proposed for two-dimensional positioning. So it has an important theoretical and practical value to propose a new three-dimensional positioning algorithm based on the existing algorithms.
B. Characteristics of Future Positioning Algorithm
In wireless sensor networks, energy and communication range of wireless node are limited. In addition, the reliability is poor. So the proposed positioning algorithm should have the following characteristics: self-organization; good robustness; energy-saving; distributed computation [1, 18] .
III. PROPOSED THREE-DIMENSIONAL ACCURATE POSITIONING ALGORITHM
The proposed three-dimensional accurate positioning algorithm, converts the loss of wireless signal strength between unknown node and beacon node to distance first, and then uses the maximum likelihood estimation method to calculate the unknown node's three-dimensional coordinate according to the beacon nodes' threedimensional coordinates. Next, in order to improve the positioning accuracy even more, the calculation results should be processed with error revision algorithm. In addition, change the update interval of coordinate and the transmitting power adaptively to save energy.
A. Wireless Sensor Node Positioning
There are two kinds of nodes in wireless sensor node positioning system, beacon nodes and unknown nodes [1, 19, 20] . Beacon nodes are the positioning reference points of unknown nodes and distributed throughout the system, their coordinates are known by configuration or GPS and any other positioning devices. Unknown nodes obtain their own position by beacon nodes [1, 21, 22] . The number of unknown nodes is same with the devices needed positioning, while the number of beacon nodes has a relationship with the positioning accuracy. In Fig. 1 , unknown nodes and beacon nodes are distributed in wireless sensor networks. 
B. Wireless Signal Attenuation Model in Threedimensional Space
Wireless signal attenuation model has a close relationship with antenna, which is shown in Fig. 2 . When using omni-directional antenna, wireless signal transmission model in three-dimensional space is similar to a flat ball, the signal strength ( r ) at D point has a linear relationship with the distance ( d ) approximately [23, 24] . By experimenting, we found that although the signal transmission mode between every two wireless nodes is same, but the parameter a and b are different.
So there is need for parameter matching before positioning to find the appropriate value of a and b for every pair of wireless nodes.
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x1, y1, z1 Figure 2 . Wireless signal attenuation model in three-dimension.
C. Algorithm Framework
The three-dimensional accurate positioning algorithm based on wireless sensor networks is composed of five parts:
(1) Parameter matching; (2) RSSI ranging; (3) Role switching between beacon node and unknown node under a particular situation; (4) Signal compensating when there are obstacles between wireless nodes; (5) Improving energy efficiency to reduce power consumption.
The framework of this algorithm is shown in Fig. 3 . (1) In order to guarantee the positioning accuracy maximally, any two wireless nodes' parameters a and b need re-matching before positioning, their value will be various to different wireless nodes, and even there are fine distinctions to the same wireless node due to the effects of transmitting power, climate and other factors, and they can be calculated by formula 3 according to the RSSI value at two separate places and the distance between them. 
(2) Convert the RSSI value to distance between unknown node and beacon node or unknown node when its coordinate is known.
(3) In order to complete the three-dimensional positioning, unknown node needs to communicate with four adjacent neighboring beacon nodes at least, if the number is less than four because of the uneven distribution or failure of beacon nodes, the unknown nodes whose coordinates are known can temporarily act as beacon nodes to complete the positioning, so that greatly enhance the system's fault tolerance ability.
(4) When there are obstacles between wireless nodes, the attenuation degree of wireless signal in barrier is not same with that in atmosphere. At present, the wireless signal attenuation does not meet linear relationship with the distance between nodes any longer, so there is need to compensate the wireless signal. The value after compensating can be substituted into formula 5 to calculate the real distance between nodes.
Where, o r is the wireless signal lost in obstacle, which depends on the material, thickness and number of walls; o d is the depth of obstacle.
(5) When the unknown node knows the distance to unknown nodes and beacon nodes around them, because the energy consumption of wireless node mainly focus on wireless communication, so it is possible to save energy by changing the transmitting power, and adjusting the update interval of unknown node's coordinate adaptively according to the movement speed to reduce the number of wireless transmission, thus can significantly extend the life cycle of wireless node.
D. Algorithm Description
The three-dimensional accurate positioning algorithm based on wireless sensor networks is composed of two parts: Initialization and parameter matching, threedimensional accurate positioning. The algorithm details will be described as follows:
Initialization and parameter matching: 
So,
In which, the value of 1 d and 2 d are,
After that, initialization is completed, and then enters the stage of three-dimensional accurate positioning: 2) If the number of beacon nodes and unknown nodes who can reply with response frame is still less than four, then the three-dimensional accurate positioning is not available at this moment, and report this situation to user to remind that the layout of beacon nodes is not reasonable and provide a premise for adjustment, or continue;
3) Only when the number of beacon nodes around the unknown node is less than four, the unknown node sends _ / Frame_Type_Request M S to beacon nodes and any other unknown nodes. It will not only prevent the positioning accuracy from being reduced as the introduction of unknown nodes, but also can decrease the network traffic load and extend the life cycle of wireless node; (9) The unknown node collects RSSI value ( / ) j i j S M S n R and calculates the average value of RSSI R according to formula (6) to (9); (10) The unknown node calculates the distance n d between the specific unknown node and the beacon node according to the formula as fellows,
(11) Maximum likelihood estimation method can be used to get the coordinate of unknown node which is shown in Fig. 4 . The coordinates of beacon nodes (1, 2, 3,
n n n x y z , the distance from them to the unknown node is 1 Then, we can get the following formula, 
Minus the last equation from the first respectively, 
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Equation (17) can be expressed as following: 
The coordinate of unknown node can be got using the standard minimum mean-square estimation method [1] :
(22) (12) If there are walls between specific beacon node and unknown node, then the wireless signal attenuation does not meet linear relationship any more between them because of the obstacles. Therefore, it is very necessary to adopt a compensation mechanism to ensure the positioning accuracy.
We found Wall Attenuation Factor (WAF) model proposed by Seidel and Rappaport, which includeds an attenuation factor for building floors while taking into account the effects of walls between the transmitter and the receiver. WAF model is described as follows [1, 25] ( ) P d can either be derived empirically; n is the rate at which signal loss increases with distance, WAF is the wall attenuation factor; In general, the values of n and WAF are derived empirically, and they depend on the building structure and construction material; 0 d is the distance from reference node to beacon node; d is the distance from unknown node to beacon node; nW is the number of walls between unknown node and beacon node; C is the maximum number of walls up to which the attenuation factor makes a difference [1, 25] ;
2) The initial position can be regard as reference point, 0 ( ) P d is the RSSI value beacon node received from the unknown node when it is at reference point; ( ) P d is the RSSI value beacon node received from the unknown node at present; 0 d can be figured out by formula (4); n , nW , C and WAF are known in the actual application as constants;
3) d can be figured out according to formula (24) and (25),
. (25) (13) Coordinate of the unknown node can be calculated according to step (11); (14) Because unknown node sends request frame to beacon node periodically to get its position, so the sending time interval of unknown node is a very important parameter, which not only affects the positioning accuracy, but also is proportional to the node energy consumption and the network traffic load. Therefore, it is necessary to provide an algorithm which can change the sending time interval according to the movement speed of unknown node adaptively within the range of positioning accuracy; ( , , ) x y z , and the difference between the two coordinates is,
3) If,
Or,
Then,
After that, it is need to reset its original value,
(32) (15) The unknown node's location will be shown by the real-time three-dimensional model.
IV. EXPERIMENTAL MODEL AND RESULT ANALYSIS
In order to evaluate the feasibility of this algorithm, an experimental model was developed specially. By analyzing the experimental results, we can know the performance of this algorithm.
A. Experimental Model
Unknown nodes and beacon nodes are distributed uniformly in one room of a building, monitoring pc collects data from wireless network by gateway, the software running on the monitoring pc is responsible for computing, storage and displaying coordinate of wireless node. Remote users can real-time view the location of every node through the Internet. Because of the limitation of space, only half of nodes in the experimental model are shown in Fig. 5 . 
1) Experimental steps:
(1) Scan the whole wireless network; record the number of beacon nodes and unknown nodes, as well as the coordinates of beacon nodes;
(2) Put each unknown node at two different places orderly and their coordinates are known at the two times, then establish a function relationship to complete the parameter matching through the received wireless signal strength and the distance to beacon nodes; (3) Move unknown nodes randomly, and their coordinates will be calculated through the threedimensional positioning algorithm right now, and then display them by the software visually.
2) Experimental parameters: CC2430 combines the excellent performance of CC2420 RF transceiver with an enhanced 8051 MCU, which is highly suitable for systems where low power consumption is required. The feature of digital RSSI support is well positioned to meet the needs of the algorithm. The hardware of wireless node is shown in Fig. 6 . In order to be able to visually display the relative position of unknown node in the building, rather than its absolute coordinate, one software using VC++ 6.0 programming language and OpenGL technology was specially developed, and the location of unknown node in the building is provided to user by a visual model. By importing the drawing of the building, the location of unknown node will be shown in three-dimensional way, user can zoom or drag the building, every unknown node can be clearly seen in which room as well as its trajectory. The software used in building is shown in Fig. 7 . If the positioning algorithm would be used in outdoors, then it is not appropriate to display the location of unknown node in three-dimensional way, while plane coordinate plus altitude is more appropriate, and then another software was developed using VC++ 6.0 and MapXtreme SDK. The location of unknown node will be shown on the map by transforming the three-dimensional coordinate to latitude, longitude and height. The software used in outdoors is shown in Fig. 8 . 
B. Results Analysis
The experimental results are shown in Tab. 3, from which can be seen that the smaller coordinate the higher positioning accuracy, and Z coordinate plays a greatest influence on the positioning accuracy, which begins to become smaller when X or Y increases to a certain extent. Moreover, different nodes have different positioning accuracy. Overall, this algorithm has relatively high positioning accuracy. Because of the adopted wireless signal model, the signal attenuation error in Z direction is greater than that in X and Y direction. When go through obstacles, as a result of signal compensation, positioning accuracy has been improved by 30%. Meanwhile, the power consumption of wireless node has been reduced by 45% through adaptivly changing the update interval and the transmitting power. Moreover, the time needed to calculate coordinate is less than 50ms, so this positioning algorithm has high real-time performance.
C Discussion
The algorithm makes parameter matching for every pair of nodes to ensure the positioning accuracy. Role switching between unknown nodes and beacon nodes can enhance the algorithm's fault tolerance and robustness ability. In order to save energy and extend the life cycle of wireless node, the transmitting power is changed with the distance between wireless nodes. Furthermore, the coordinate update interval is proportional to the speed of unknown node. In addition, the software developed can further enhance intuitiveness and flexibility, and they are suitable for wireless sensor networks.
Role switching between unknown nodes and beacon nodes only happened when the number of beacon nodes around an unknown node is less than four. The problem will no longer exist with the movement of the unknown node. If the distribution of beacon nodes is reasonable, it will never happen. So it will not reduce the positioning accuracy and affect other unknown nodes except one condition that there exist multi-unknown nodes and they have to complete positioning depend on each other simultaneously. However, this situation rarely happens and the positioning error will eliminate once the number of beacon nodes is more than four. Consequently, role switching can increase robustness ability of this algorithm, and only has a little impact on the performance.
Wireless sensor nodes are embedded system, their power and calculation capability is limited. So the parameter matching and coordinate calculation can be completed by software. In addition, the coordinates of all nodes are stored and displayed by computer, the unknown nodes only need to send the average value of RSSI to the software and will not increase the amount of communication greatly. Moreover, the configuration of beacon nodes' coordinate is also completed by computer, no only reduced the cost of wireless node, but also increased the system flexibility.
The proposed algorithm has fully taken into account the needs of linear and nonlinear systems. When there are obstacles being in the wireless communication, then the relationship between distance and signal attenuation is not linear any more. As the approximate position of nodes and the structure of building is known in advance, so the number of walls and their parameters can get from the software and are imported when system initialization. When it comes to linear system, the algorithm has high accuracy. Accordingly, the proposed algorithm including the software has high value of theory and application.
V. CONCLUSIONS AND FUTURE WORK

A Conclusions
A three-dimensional accurate positioning algorithm was proposed in this paper, experimental results show that it has high positioning accuracy and real-time performance, and the lifecycle of wireless node can be extended greatly by changing the transmitting power and the update interval of coordinate. So it is very suitable for wireless sensor networks. In addition, the display model of coordinate is very intuitive and innovative, so that it has high applicative value. We will continue researching on the wireless signal transmission model in the Z direction to improve the positioning accuracy further.
B Future Work
Overall, because the algorithm has to make parameter matching during the system initialization, in order to calculate the values of a and b, there is need to collect data from every pair of nodes. If the number of nodes is excessive, then the system initialization task would be heavy. In addition, as the change of environment, such as temperature, air humidity and any other factors, values of a and b will be changed relatively. In order to get higher positioning accuracy, it is needed to keep on adjusting their values simultaneously. An algorithm that can adaptively revise the value of a and b is the future direction of our work, setting the initial value of a and b is also included, so that we can leave the process of parameter matching to enhance the system flexibility and practicality greatly.
